Introduction
Oxidatively generated damage to cellular DNA is genotoxic and has been correlated with the development of many human cancers. 1 There is growing evidence that complex DNA lesions, so-called tandem and clustered DNA lesions are potentially more harmful than single oxidized nucleobases. 2 The complex modifications, which can be induced by single radical hits of hydroxyl radicals or one-electron oxidants, include intra-and interstrand cross-links and DNA-protein cross-links (DPCs). 3 Formation of DPCs has been clearly demonstrated in cellular DNA 4 exposed to ionizing radiation, 5, 6 photosensitization, 7-10 strong oxidizing agents prepared chemically, 11 or generated in situ by photochemical methods. 12, 13 However, structural information on DPCs is scarce, although several examples are in existence. Dizdaroglu et al. have characterized thymine -amino acid cross-links produced by ionizing radiation in solutions of DNA -histone protein non-covalent complexes. 14, 15 Other examples are guanine -lysine cross-links discovered by Perrier et al. 16 The C. J. Burrows group reported cross-links between 8-oxo-7,8-dihydroguanine (8-oxoGua), the major lesion formed by the oxidation of guanine in double-stranded DNA, and lysine residues of proteins produced by the oneelectron oxidant Ir(IV). 17, 18 2
The key step in the oxidatively induced cross-linking reaction is the formation of the covalent bond between the nucleobase and the amino acid that, at the mechanistic level, requires abstraction of two electrons and two-protons. Perrier et al. 16 showed that the one-electron oxidation of guanine, the most easily oxidizable DNA base, 19 and hence the primary target of oxidatively generated damage to DNA, 20 is followed by the nucleophilic addition of the ε-amino group of the lysine residue to the C8 atom of the guanine radical cation, G •+ ; the radical adduct thus formed is readily oxidized by weak oxidants such as oxygen to the Nε-(guanin-8-yl)-lysine cross-link ( Figure 1 The cross-links (2 and 3) are the mixtures of the isomers in which C8-atom of guanine is linked to one of the side-chain C-atoms (β, γ, δ, ε).
In this work we developed a new approach for the in vitro generation of stable DPC's between guanine and amino acids (lysine, arginine) based on the combination of guanine neutral radicals, G(-H) • and side-chain C-centered amino acid radicals. This pair of radicals was generated by a laser flash photolysis method developed earlier by our group for the synthesis of oxidized and nitrated derivatives of guanine. 21, 22 This method employs the selective two-photon ionization of nucleobases by intense nanosecond laser pulses. 23 The guanine radical cations are generated directly by one-electron oxidation, 24 while the hydrated electrons thus produced are scavenged by nitrous oxide to generate hydroxyl radicals. 25 The latter rapidly abstract hydrogen atoms from amino acid added present in large excess relative to the nucleic acids, to produce side-chain C-centered amino acid radical. 26 Here, we successfully synthesized guanine -amino acid cross-links ( Figure 1 ) with guanine residues either embedded site-specifically in oligonucleotides, or with the free nucleoside, 2',3',5'-tri-Oacetylguanoise, (tri-O-Ac-Guo).
Experimental

Materials
All chemicals (analytical grade) were used as received. Methyl esters of Nα-acetyl-L-lysine (Ac-Lys-Me) and Nα-acetyl-L-argenine (Ac-Arg-Me), both in the form of hydrochlorides were obtained from Bachem (Torrance, CA). The 2'-deoxyribooligonucleotide, 5'-d(CC[2AP]TCGTACC) with a single 2aminopurine residue (2AP), was synthesized by standard automated phosphoramidite chemistry techniques. Phosphoramidites and other chemicals required for the oligonucleotide synthesis were obtained from Glen Research (Sterling, VA). The tritylated oligonucleotides were deprotected overnight at 55 °C employing concentrated aqueous ammonia solutions. The crude oligonucleotides were purified by reversed-phase HPLC, detritylated in 80% acetic acid according to standard protocols, and desalted using reversed-phase HPLC. The integrity and composition of the oligonucleotides were confirmed by MALDI-TOF mass spectrometry. repetition rate, ~200 mJ/pulse/cm) for a fixed period of time (15 s) that provides energy dosage of ~60 J/cm 2 . After irradiation, the samples were immediately subjected to HPLC analysis.
Generation of Guanine -Amino Acid Cross-Links
HPLC Isolation of Cross-Linked Products
The separation of the oligonucleotide reaction products was performed on an anion-exchange analytical column (250 mm × 4.6 mm i.d., DNAPac PA-100 Dionex, Sunnyvale, CA, USA). The elution buffer solution was a 25-60% linear gradient of solvent B (10% acetonitrile and 90% 1.5M ammonium acetate) in solvent A (10% acetonitrile and 90% water) for 30 min, followed by an isocratic phase (100% B) for 15 min at a flow rate of 1 mL/min (detection of products at 260 nm). 
Results and discussion
Generation of Guanine and C-Centered Amino Acid Radicals by a Two-Photon Ionization
Mechanism
In the case of DNA, this method involves the site-specific incorporation of a single 2-aminopurine (2AP) residue that is characterized by an absorption band with a maximum at 305 nm. 27 This nucleic acid base analog either in single-or double-stranded oligonucleotides is selectively photoionized with intense nanosecond 308 nm excimer laser pulses by a two-photon absorption mechanism. 23 Absorption of the first photon results in the formation of the 2AP singlet excited state ( 1 2AP), and the absorption of the second photon causes its photoionization (Figure 2A ). Previous laser flash photolysis studies have shown that the primary products of the laser pulse excitation are the 2AP •+ radical cations and hydrated electrons (Figure 2A ). 23 The yields of hydrated electrons are proportional to the square of the laser fluence rate (photon s -1 cm -2 ) as expected for the two-photon processes. The 2AP •+ radicals rapidly deprotonate to yield the neutral 2AP(-H) • radicals. Both the radical cation and the neutral radical are strong one-electron oxidants that are capable of oxidizing guanines by proton-coupled electron transfer mechanism to form G(-H) • radicals when the 2AP and G residues are separated by 1, 2, or even 3 intervening bases. [21] [22] [23] [24] 28 The normal DNA nucleobases have a negligible absorbance at 308 nm in comparison with 2AP and are not ionized by the 308 nm excimer laser excitation. 23 In the case of free guanine nucleosides, the two-photon-induced ionization of G-residues was initiated by shorter-wavelength intense nanosecond 266 nm Nd: YAG laser pulses ( Figure 2B ). 29, 30 The primary products of the laser pulse excitation are G •+ radical cations and hydrated electrons detected by transient absorption spectroscopy. 29 In neutral solutions, the guanine radical cations, Guo •+ (pK a =3.9), rapidly deprotonate to form neutral Guo(-H) • radicals 31, 32 In N 2 O-saturated solutions, the hydrated electrons derived from the photoionization of nucleobases are rapidly and quantitatively scavenged by N 2 O to form • OH radicals. 25 The latter abstract H-atoms from the amino acids with the formation of C-centered amino acid radicals. 25 This reaction competes with the direct oxidation of guanine (or DNA) by • OH radicals. 33 Both reactions of • OH radicals are extremely rapid and occur with rate constants in the (1-5)×10 9 M -1 s -1 range that are close to the diffusion controlled limit. 26, [33] [34] [35] Here, we used ~100-or 400-fold excess of amino acids relative to tri-O-Ac-Guo or 5'-d(CC[2AP]TCGTACC) concentrations, to ensure that the competitive direct reactions of • OH radicals with these molecules are minimized. Thus, two-photon photoexcitation of DNA strands with site-specifically positioned 2AP and G bases in N 2 O-saturated aqueous solutions, provides a very convenient approach for the generation of similar fluxes of guanine and C-centered amino acid radicals, which can then combine to generate the cross-linked products (Figure 2 ).
Identification of Oligonucleotide -Amino Acid Cross-links
The stable products generated by the two-photon excitation of the 
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A further experiment showed that the two-photon ionization approach can be successfully used for the synthesis of the analogous arginine oligonucleotide adducts. These adducts were generated by intense nanosecond 308 nm laser pulse irradiation of N 2 O-saurated buffer solutions (pH 7.5) containing Nαacetyl-L-arginine in addition to the oligonucleotide. Analysis of the photoproducts by anion-exchange HPLC methods allowed for the isolation of a series of arginine-oligonucleotide adducts with identical masses of M+232 that correspond to the addition of the arginine methyl ester residue to the oligonucleotide. The exact negative mass spectrum of the argenine oligonucleotide adduct is shown in Figure 5 . These results indicate that the two-photon ionization method generates guanine cross-links with amino acids. To further confirm this conclusion based on the exact mass spectra of these cross-linked oligonucleotide -amino acid adducts, and to obtain better insights into their structural features, we synthesized the free nucleoside 2',3',5'-tri-O-acetylguanosine (tri-O-Ac-Guo)-Ac-Lys-Me cross-link using the same approach.
In contrast, we did not observe any cross-link formation using continuous illumination. In this experiment the samples were irradiated with light from a 100 W high-pressure Xe lamp that was reflected from a dichroic mirror with reflectance in the 300-340 nm (oligonucleotide) or 240-290 nm (free nucleoside) spectral ranges. The energy incident on the sample was 50-100 mW/cm 2 cross-linking species detected by gel electrophoresis. 8, 9, 37 Singlet oxygen generated by photosensitization of typical type II photosensitizers (methylene blue, porphyrines and others) induces formation of the cross-links in DNA-histone complexes. 10 Photo-induced one-electron oxidation of guanine by electronically-excited state of Ru-complex covalently-linked to DNA initiates formation of the cross-links with lysine-tyrosine-lysine tripeptide. 12, 13 
Tri-O-Ac-Guo -Ac-Lys-Me Cross-Links
The cross-linked products generated by the two-photon ionization of 2',3 and is typically observed in many guanine derivatives. [39] [40] [41] The other product ions, e, f, g, and h, formed with lower yields, were tentatively assigned to the ions derived from the fragmentation of the lysine residue and are observed at m/z 320. 
Structural Variants of Guanine -Lysine Cross-Links
Hydrogen atom abstraction by hydroxyl radicals is an unselective process 26 . ESR studies of spintrapped radicals in neutral aqueous solutions of lysine showed that • OH radicals abstract H-atoms mostly from β, γ and δ side-chain carbon atoms of lysine. 42 Our previous experiments have shown that alkyl radicals (methyl, n-propyl and n-pentyl) add mostly to C8 and N 2 sites of G(-H) • radicals to form C8-alkyl-and N 2 -alkylguanines. 40, 41 Based on these considerations we can expect that six structural isomers for guanine -lysine cross-linked adducts are formed via the addition of the β, γ and δ side- involves opening of the pyrimidine ring, 39 and hence is clearly observed in both C8-and N 2alkylguanine adducts. 40 Fragmentation of the lysine residues with the formation of the product ions, e and g indicates that the end-methyl groups remain intact and are not involved in the cross-linking reaction ( Figure 6 ).
Biological Implications
The in vitro synthetic approach described here offers a simple method for synthesizing oligonucleotide -amino acid cross-linked adducts by the combination of G(-H) • radicals with alkyl radicals produced by H-atom abstraction from side-chains of amino acids (lysine and argentine). It is well documented that • OH radicals can produce both G(-H) •35 and side-chain amino acid 26 radicals. In vivo generation of hydroxyl radicals occurs via two major pathways: (1) Fenton reaction involving the reduction of H 2 O 2 by ferrous or copper ions 43 , and (2) radiolysis of water molecules through the indirect effects of ionizing radiation. 44 However, the probability of simultaneous formation of G(-H) • and alkyl amino acid radicals in close proximity to one another is expected to be extremely low. 45 Dizdaroglu and coworkers have proposed that alkyl radicals of amino acids can directly attack nucleobases (e.g., thymine)
to form reducing radical adducts, which are then readily oxidized by weak oxidants such as dioxygen. 14, 15 Our experiments showed that methyl radicals directly alkylate guanine to form mostly C8methylguanine. 40 In the case of guanine -amino acid cross-links, the side-chain amino acid radicals can attack the C8-site of guanine to form radical adducts, which are readily oxidized by oxygen or other weak oxidants to form cross-linked products similar to those described in this work (Figure 8) . Other examples of purine lesions produced by C8-alkylation are the 5',8-cyclo-2'-deoxyguanosine (cdG) and 5',8-cyclo-2'-deoxyadenosine (cdA) lesions. 46, 47 These lesions form via the addition of the C5'-radicals produced by H-atom abstraction from 2'-deoxyribose residues, to the C8-positions of G or A bases, followed by the oxidation of the radical adducts. The cdA and cdG lesions have been found in γ-irradiated human cultured cells, 48, 49 and in humans. 50 The cyclopurine adducts are highly mutagenic 51, 52 and their accumulation in cellular DNA may contribute to the etiology of cancer and other diseases. 49, [53] [54] [55] The guanine -thymine tandem lesions, G [8-5m] T are formed by the addition of 5-(uracilyl) methyl radicals to the C8 position of guanine to form a radical adduct that is rapidly oxidized by traces of oxygen or other weak oxidants [56] [57] [58] [59] [60] . These lesions have been found in cultured human HeLa-S3 cells exposed to ionizing radiation. 61 The G[8-5m]T lesions are highly mutagenic. [62] [63] [64] Thus, a single initiating oxidation event, or H-atom abstraction by • OH radicals, can potentially trigger alkylation of nucleobases in cellular DNA to form complex DNA lesions. 45 
Conclusion
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Two-photon ionization of nucleobases in N 2 O-saturated aqueous solutions by intense UV laser pulses is a direct method for generation of similar fluxes of G(-H) • radicals and C-centered side chain radicals of amino acids (lysine, arginine). In the case of free guanine nucleosides, the two-photon ionization of Gresidues can be directly initiated by intense nanosecond 266 nm Nd: YAG laser pulses. In 2APmodified oligonucleotides one-electron oxidation of guanine residues occurs indirectly after first causing the selective two-photon ionization of 2AP-residues by intense nanosecond 308 nm XeCl excimer laser pulses. The hydrated electrons formed in parallel with the nucleobase radicals are scavenged by nitrous oxide to generate hydroxyl radicals. In the presence of a large excess of the amino acids, • OH radicals rapidly produce C-centered side chain amino acid radicals. The latter readily combine with the G(-H) • radicals to form site-specifically positioned guanine -amino acid cross-linked oligonucleotide products. The analogous cross-linked products could be formed in vivo under single hit radical generation mechanisms during oxidative stress. Thus, further research is warranted on the detection of these DPC's in vivo.
